The electrostatics of a nanopore in a doped semiconductor membrane immersed in an electrolyte is studied with a numerical model. Unlike dielectric membranes that always attract excess positive ion charges at the electrolyte/membrane interface whenever a negative surface charge is present, semiconductor membranes exhibit more versatility in controlling the double layer at the membrane surface. The presence of dopant charge in the semiconductor membrane, the shape of the nanopore and the negative surface charge resulting from the pore fabrication process have competing influences on the double layer formation. The inversion of the electrolyte surface charge from negative to positive is observed for n-Si membranes as a function of the membrane surface charge density, while no such inversion occurs for dielectric and p-Si membranes.
Biological nanopores have been extensively studied in the last decade for their essential role in biology as ion channels regulating the ion flow through the cell membrane as well as ensuring the ion selectivity [1] . In this process the channel controls the flow of ions depending on the ion concentration on either side of the membrane and the membrane surface charge thereby operating as a molecular sensor. Recently, it was suggested that the chemical structure of nucleic acids can be resolved using natural nanoscale features of a membrane channel [2] . However, the biological nanopore function is restricted to specific thermal, chemical, mechanical and electrical conditions [3] , which limits their adaptability for broad detector or sensing applications.
A stable alternative to biological membrane channels are artificial nanometre-size pores in solid state membranes fabricated by using highly focused electron or ion beams [3] [4] [5] . Different materials are used for such membranes, usually insulators, such as SiO 2 or Si 3 N 4 , and recently, semiconductor membranes made of heavily doped Si [6, 7] . By varying the focus, the energy and the exposure time to the beam, pores of different diameters can be realized.
Both biological and solid-state nanopores carry a surface charge. The surface charge of a biological channel can be positive, negative or vary in the pore; it is a part of the 'gating' mechanism, which interrupts the flow of molecules, water or ions [8] . In solid-state nanopores the surface charge is usually negative, as a consequence of broken chemical bonds at the surface of the membrane due to the nanopore fabrication process by electron beam lithography [9] . The influence of the surface charge on ionic flow in the nanopore of a solid-state membrane is central for its use for singlemolecule detection, ion/protein filtering [10] and potentially for DNA sequencing [11, 12] . Recently, polymer conical nanopores with varying surface charge have been proposed as ion rectifiers [13, 14] .
In this paper, we use computer modelling to demonstrate the versatility of semiconductor membranes in controlling the electrolyte charge in a nanopore. Unlike dielectric membranes (membranes made of dielectric materials) which exhibit negative surface charge attracting cations to the nanopore surface, n-doped semiconductor membranes can induce electrolyte charge inversion on the nanopore surface Figure 1 . Geometry of the modelled nanopore in a solid-state membrane. The centre X -Y cross-section is shown (the centre Y -Z cross-section is similar). Two cuts S 1 and S 2 through the structure are indicated. S 1 is taken at the centre of the lower cone, while S 2 is taken at the centre of the pore and is aligned with the pore axis.
due to the presence of positive dopant charge in the depletion layer of a n-type semiconductor. Depending on the dopant concentration this positive depletion charge competes with the fixed negative surface charge to determine the sign of the electrolyte charge in the nanopore double layer.
We consider three nanopore-membranes, each made of a 10 nm single layer of: (I) SiO 2 with a 8Å surface layer containing a fixed negative charge, (II) a heavily doped n + -Si material covered by a 8Å SiO 2 layer with a fixed negative charge and (III) a heavily doped n + -Si material with a 2Å layer of fixed negative charge (no oxide at the surface). p + -Si membranes will not be discussed in this paper because they exhibit the standard double layer behaviour. The nanoporemembrane structure geometry is shown schematically in figure 1 . The nanopore in the solid-state membrane has a double-conical shape with a 1 nm diameter in the narrowest region and 6 nm diameter opening on each side of the pore as a result of the electron beam fabrication process [9] . The concentration of the KCl electrolyte is 1 M, and the doping density in silicon is N + d = 2 × 10 20 cm −3 . Each material is characterized by its relative permittivity, i.e. ε Si = 11.7, ε SiO2 = 3.9. For the electrolyte solution we choose the dielectric constant of water, i.e. ε electrolyte = 78.
In order to obtain the ion charge distribution in the nanopore the Poisson equation is solved self-consistently by a multigrid method [15] on the whole volume containing the electrolyte-membrane system with Dirichlet boundary conditions at the top and at the bottom of the volume (above and below the membrane) and Neumann boundary conditions elsewhere. In particular, in the solid-state material region, the electron and hole concentrations are given by the basic solid-state physics theory [16] and are ruled by the FermiDirac statistics. We assume that, at room temperature, all KCl molecules in the electrolyte solution are fully dissociated. Hence, in the absence of external potential, there is an equal number of K + and Cl − ions when the electrolyte solution is at equilibrium. In the presence of an electrical potential, the ion concentrations in solution obey the Boltzmann distribution. We use virtual solid-state parameters for the solution, which enables us to formulate an all-semiconductor model for the charge and electric potential in the electrolyte and solid-state materials [17] . The numerical solution starts from solving the Poisson equation to obtain the potential distribution. 
The local potential is then substituted into the material constructive equations to obtain the corresponding local charge concentration. The charge concentration is then inserted back into the Poisson equation and a new potential distribution is calculated. The procedure is repeated until convergence is obtained. For the potential, the convergence tolerance was 1 μV. The model details are described in [18] . The electrolyte/solid state and semiconductor/oxide interfaces are modelled by introducing a conduction band offset between materials at their interfaces, i.e. E decreases (figure 2, left column). Figure 3 shows the profiles of the charge concentration in the solution along the S 2 crosssection (see figure 1) for the set of σ values in figure 2. As the negative surface charge σ increases from σ 1 to σ 4 the negative ion concentration in the pore decreases below the bulk value of 1M = 6 × 10 20 cm −3 at σ 1 = 0 ( figure 3(A) ), as expected. Alternatively, the positive ion concentration increases up to twice its bulk value in the nanopore centre for σ 4 ( figure 3(B) ). figure 3(C) ). In the solution region 0 r − x c 1.8 nm) the anion concentration decreases towards the electrolyte/membrane interface at r − x c = 1.8 nm; the larger the fixed negative surface charge concentration the stronger the decrease ( figure 3(C) ). Correspondingly, the cation concentration increases towards the electrolyte/membrane interface, as the increase in the membrane surface charge recruits more K + ions from the solution to the electrolyte/membrane interface ( figure 3(D) ). Thus, K + ions are always dominant in the nanopore whenever negative charge is present on the membrane.
Next, we consider a n + -Si membrane (II) surrounded by a 8Å layer of SiO 2 . The calculated contour plots of anion (Cl − ) and cation (K + ) concentrations in the electrolyte are displayed in figure 4 . Unlike the case of the dielectric membrane ( figure 2, left column) , anions are now dominant in the nanopore at low surface charge concentrations (figure 4, σ 1 and σ 2 ), while at high surface charge concentrations (figure 4, σ 3 and σ 4 ) the ion charge in the pore recovers the same pattern of excess cations as with the dielectric membrane (I). Also noticeable in figure 4 , left column, is the charge distribution in the n + -semiconductor membrane, especially the presence of the depletion of electrons along the electrolyte/membrane interface (dark blue) which results from the Coulomb repulsion of the surface charges. Away from the interface, the electron concentration recovers its bulk value (n = 2 × 10 20 cm −3 ) to neutralize the donor charge uniformly distributed in the Si membrane (the hole concentration is negligible) (figure 4, right column). Consequently, the net positive charge of the semiconductor depletion region competes with the negative surface charge to determine the ionic concentration in the nanopore, which for the lower values of the latter explains the predominance of anions along the membrane. In figures 5(A) and (B) we show the concentration profiles for both types of electrolyte ions along the S 2 cross-section for different σ . The inversion of electrolyte charge occurs at low surface charges (σ 1 , σ 2 ) where anions dominate at the nanopore centre. One also notices that, for the large surface charge σ 4 , the cation concentration peaks at a lower value than for the corresponding situation in the SiO 2 membrane (I), which is due to the presence of the positive dopant charge in the semiconductor depletion layer.
The concentration of both types of charges in the n + -Si membrane (II) and the solution is shown in figure 5 along the S 1 cross-section. In the solution region (0 r − x c 1.8 nm) the anion concentration increases towards the electrolyte/membrane interface (r − x c = 1.8 nm) for σ 1 and σ 2 , but it decreases for σ 3 and σ 4 ( figure 5(C) ). Correspondingly, the cation concentration at the interface increases for σ 3 and σ 4 , and decreases for σ 1 and σ 2 ( figure 5(D) ), as explained above in the description of figure 4. In figure 5(C) , the solid-state membrane region (1.8 nm r − x c 6 nm) includes the SiO 2 dielectric layer (1.8 nm r − x c 2.6 nm) where the negative surface charge is shown as a step of 8Å width, and the n + -doped semiconductor (2.6 nm r − x c 6 nm). In the semiconductor region, the free electron concentration vanishes at the SiO 2 /semiconductor interface (r − x c = 2.6 nm) due to surface charge repulsing producing a depletion layer at larger surface charge σ 3 and σ 4 . Also noticeable is the effect of the surface charge on the profile of electron concentration, for which the bulk value (n = 2 × 10 20 cm −3 ) is achieved at further distance from the interface as σ increases. From this diagram it is seen that the depletion layer is not yet achieved at low σ (σ 1 and σ 2 ). Therefore, it is the imbalance between the electrons and ionized dopant atoms rather than the presence of a depletion layer (arising at high σ ) which results in the attraction of anions to the electrolyte/membrane interface. In figure 5 (D) the uniform dopant concentration is represented by the flat line (2.6 nm r − x c 6 nm).
Finally, we consider a n + -Si membrane (III) with a 2Å layer of surface charge and no oxide at the surface. The behaviour of this system is similar to the previous case (II), but with a few differences. The calculated contour plots of anion (Cl − ) and cation (K + ) concentrations in the electrolyte solution are shown in figure 6 . As in the previous case (II), the cations (K + ) are dominant in the pore centre for the large values of the negative surface charge σ 3 and σ 4 (figure 6, right column), while the inversion of the electrolyte/membrane charge occurs for σ 1 and σ 2 where anions (Cl − ) are dominant in the pore centre (figure 6, left column). Figures 7(A) and (B) show the concentration profiles for both types of electrolyte ions along the S 2 cross-section for different σ . At low surface charges (σ 1 , σ 2 ) anions dominate around the nanopore centre. However, the maximum anion concentration in the pore centre is larger than in the previous case (II), since the effect of the surface charge is not screened by a SiO 2 dielectric layer any more ( figure 7(A) ). The concentration of both types of charge in the n + -Si membrane (III) and the solution is shown in figures 7(C) and (D) along the S 1 cross-section. In the solution region (0 r − x c 1.8 nm) the anion concentration increases towards the electrolyte/membrane interface (r − x c = 1.8 nm) for σ 1 and σ 2 with a higher peak concentration at the interface than in case (II) (see vertical scale in figure 7(C)), while it decreases for σ 3 and σ 4 . Alternatively, the cation concentration at the interface is increased for σ 3 and σ 4 , and decreased for σ 1 and σ 2 , again with a higher peak concentration at the interface than in the previous case (II) ( figure 7(D) ). In the doped semiconductor region (1.8 nm r − x c 6 nm) the 2Å layer of negative charge is seen in figure 7 (C) as a narrow step (1.8 nm r − x c 2 nm) and a positive dopant charge (2 r − x c 6 nm). The thinner surface charge layer (larger volume concentration) results in almost the same width of semiconductor depletion layer for all considered surface charges σ . However, because of the absence of the oxide layer, the surface charge threshold for ion inversion in the electrolyte is shifted to higher values of σ .
To conclude, we showed that electrolyte ions accumulating in a nanopore can be cations (K + ) or anions (Cl − ) depending on the amount of the negative charge in the surface layer and the nature of the solid-state membrane. While dielectric membranes always accumulate excess positive charge, namely (K + ) ions, at the membrane/electrolyte interface, whenever the negative surface charge is present, doped n + -type semiconductor membranes accumulate negative electrolyte charge for small concentrations of the membrane surface negative charges. However, if large negative surface charges are present, the inversion to accumulation of net positive charge occurs. This effect can be reduced by the presence of a surface oxide layer. We also observed that the threshold for charge inversion depends on the dopant concentration, the width of the surface oxide layer and the nanopore shape (not shown). p-type silicon membranes do not exhibit charge inversion at the electrolyte/membrane interface, since the dopant charge is negative so there is no competition between surface charge and dopant charge in the membrane.
While the results displayed in this work have been obtained in a situation characterized by a constant dopant concentration in the presence of varying surface charge on the membrane, they are easily generalized to the inverse situation where the dopant concentration is varied with respect to the constant membrane surface charge to obtain similar conclusions. We believe this fact, in addition to the electrical tunability of the depletion layer width in n + -semiconductor membranes [10] , offers additional advantages to control the electrolyte charge in nanopores over dielectric membranes such as SiO 2 or Si 3 N 4 .
